An atmospheric pressure glow discharge (APGD) was used for surface modification of polyethylene (PE) and polypropylene (PP). The discharge was generated between two planar metal electrodes, with the top electrode covered by a glass and the bottom electrode covered by the treated polymer sample. The discharge burned in pure nitrogen or in nitrogen-hydrogen or nitrogen-ammonia mixtures. The surface properties of both treated and untreated polymers were characterized by scanning electron microscopy, atomic force microscopy, surface free energy measurements and x-ray photoelectron spectroscopy. The influence of treatment time and power input to the discharge on the surface properties of the polymers was studied. The ageing of the treated samples was investigated as well. The surface of polymers treated in an APGD was homogeneous and it had less roughness in comparison with polymer surfaces treated in a filamentary discharge. The surface free energy of treated PE obtained under optimum conditions was 54 mJ m −2 and the corresponding contact angle of water was 40˚; the surface free energy of treated PP obtained under optimum conditions was 53 mJ m −2 and the contact angle of water 42˚. The maximum decrease in the surface free energy during the ageing was about 10%.
Introduction
Polymers are very often used as films and foils for packaging, protective coatings, sealing applications etc. A low surface energy may be desirable in them for several applications, but for other applications it is a disadvantage, which has to be overcome. Thus surface treatment is required for achieving satisfactory adhesion for printing, painting, metallization etc [1, 2] . Plasma modification (activation) is one of various possible methods of enhancing the surface free energy with many advantages. In recent years, non-equilibrium plasmas at atmospheric pressure generated by dielectric barrier discharges (DBDs) have been developed as an effective means of surface modification of polymers. DBDs usually have a filamentary form (filamentary discharge (FD)) at atmospheric pressure [3] . This can lead to non-uniform treatment and can even cause local damage on the treated surface, which limits the industrial applications of DBD. So the usage of a homogeneous DBD, called an atmospheric pressure glow discharge (APGD), is very desirable. However, APGDs can only be obtained under certain conditions. APGDs can be generated easily in helium [4] and neon [5] using power supplies with frequencies higher than 1 kHz. APGDs can also be generated in nitrogen [6] , which are cheaper options compared to APGDs in helium or neon. Okazaki et al [7] showed that by inserting a fine metal wire mesh between the dielectrics and the metal electrode it is possible to generate APGDs in various gases using a 50 Hz power source. Massines et al treated polypropylene (PP) in a He APGD [8] and also in an N 2 APGD [9] . Fang et al [10] treated polytetrafluoroethylene in an air APGD using Okazaki's electrode arrangement.
In this study polyethylene (PE) and PP were treated in APGDs burning in nitrogen or its mixtures with hydrogen or ammonia. Surface analysis and characterization were Figure 1 . Experimental set-up: 1, bottom electrode; 2, polymer sample; 3, APGD; 4, Simax glass; 5, upper electrode; 6, discharge chamber; 7, gas inlet; 8, pressure gauge; 9, membrane pump; 10, direct current source; 11, high frequency generator; 12, high voltage transformer; 13, 120 resistor; 14, oscilloscope. performed using scanning electron microscopy (SEM), atomic force microscopy (AFM), surface free energy measurement and x-ray photoelectron spectroscopy (XPS).
Experimental
The experiments were carried out in a Plexiglas discharge reactor with the dimensions 180 × 115 × 310 mm 3 . The discharge burned between two planar metal electrodes: the dimensions of the bottom electrode were 110 × 85 mm 2 , and the dimensions of the top electrode were 72 × 43 mm 2 . The top electrode was covered with 2 mm thick Simax glass, and the bottom electrode was covered by the polymer sample. The bottom electrode was movable in one direction in the horizontal plane by a stepping motor. Commercially available high density PE and PP plates of 1 mm thickness and with dimensions 95 × 120 mm 2 were used as samples for plasma modification. Before the plasma treatment the polymer samples were cleaned in a 1 : 1 mixture of cyclohexane and isopropyl alcohol. The discharge gap was set to 1 mm. The bottom electrode with the polymer sample was periodically moving with a speed of 10 cm min −1 and therefore the sample was moving back and forth in the discharge in order to ensure even greater homogeneity of plasma activation. A high voltage power supply with a frequency of 10 kHz was connected to the upper electrode. Because calculation of the power supplied to the discharge from the measured voltage and current time courses shows a large error, only the input power to the high voltage power supply was measured. The power to the discharge was then calculated by multiplying the input power by the efficiency of the high voltage power supply. The efficiency was estimated at 90%. The scheme of the experimental set-up is shown in figure 1 .
The time of surface treatment varied from 4 s to 5 min and the power density varied from 0.8 to 3.5 W cm −2 . Before starting the experiment the discharge chamber was pumped down to 1 kPa and then filled with the working gas to a pressure of 101 kPa. A gas flow was then introduced and atmospheric pressure was maintained by slight pumping during the discharge. The gases used were nitrogen (flow rate 3 slpm) and mixtures of nitrogen and hydrogen (nitrogen flow rate 10 slpm, hydrogen flow rate 0.3 slpm, i.e. hydrogen concentration was 3%) and nitrogen with ammonia (nitrogen flow rate 10 slpm, ammonia flow rate 0.037 slpm, i.e. ammonia concentration was 0.37%). The input power and the composition of mixtures given above were chosen so that the stable glow discharge could be maintained.
The discharge current and voltage were recorded using a digital oscilloscope HP 54820A Infinium (500 MHz, 2 GS s −1 ). The morphology of treated surfaces was studied by AFM using a Topometrix Accurex II.L. microscope and by SEM using a JEOL JSM-6460 scanning electron microscope. The surface composition of the treated samples was studied by XPS using an ADES 400 VG scientific photoelectron spectrometer using Mg K α (1253.6 eV) photon beams at the normal emission angle.
The total surface free energy was determined from measurements of the contact angles between the test liquids and the polymer surfaces using a sessile drop technique. The system developed in our laboratory enables observation of a solid-liquid meniscus directly, using a CCD camera, and the contact angles were determined from the CCD snapshots; more information can be found in [12] . For determination of the total surface free energy the so-called 'acid-base' theory [13] , described in detail in the next section, was used.
Results

Discharge diagnostics
The discharge voltage and current were measured using the oscilloscope, and their typical temporal development is shown in figure 2 .
An APGD and FD can be distinguished by the characteristic discharge current course; and an APGD has only one current peak per half period, whereas an FD has many narrow current peaks per half period (see, e.g. [14] ). Also, the images from the fast camera show that the APGD burns in the whole discharge gap, in contrast to microdischarges in the FD. The difference in the homogeneity of the APGD and FD is usually distinguishable by the naked eye.
The flow rates of nitrogen do not influence the discharge characteristics, but the APGD is sensitive to admixtures with nitrogen. Therefore the flow rate of nitrogen in the mixtures was increased to obtain low admixture concentrations but still have a reasonable flow rate of admixtures. 
SEM and AFM analysis
In order to compare the polymer surface modification in APGD and in FD we treated the samples in the discharge in pure nitrogen and in nitrogen with a small admixture of oxygen (nitrogen flow rate 3 slpm, oxygen flow rate 0.15 slpm, i.e. oxygen concentration was 5%). Even such a small admixture of oxygen in nitrogen changes an APGD to an FD [11] . The SEM and AFM images of PP treated in APGD and FD are shown in figure 3 and in figure 4 . The AFM images of PE treated in APGD and FD are shown in figure 5 . It can be seen from these figures that treatment in an FD leads to a higher roughness of the treated surface. The root mean square (rms) roughness of the PE surface treated in an APGD was 11.4 nm, and the rms roughness of the PE surface treated in an FD was 23. effect was observed on the thin film deposition in APGD and FD [14] . The higher roughness and the inhomogeneity of the surface treated in an FD caused a non-spherical shape of liquid drops during surface free energy measurement; so it would be problematic to determine the surface free energy using the sessile drop technique.
Surface free energy measurement
The contact angles between the test liquids and polymers were measured in order to determine the total surface free energy using the sessile drop technique. Liquid drops on the plasma-activated polymer surface were imaged using the CCD camera and the contact angle was measured. Six liquids were used: distilled water (H 2 O), 1,2-ethanediol (C 2 H 6 O 2 ), diiodomethane (CH 2 I 2 ), formamide (CH 3 NO), 1,2, 3-propanetriol (glycerol, C 3 H 8 O 3 ) and 1-bromo-naphthalene (C 10 H 7 Br). Contact angles were measured at the least for ten drops (each 2 µl) for every liquid. The acid-base theory with multiple regression [15] was used to calculate the total surface free energy, γ , and its components, where γ LW is the total apolar (dispersive) Lifshitz-van der Walls interaction component, γ AB is the acid-base or electronacceptor/electron-donor interaction component, γ + is the electron-donor component and γ − is the electron-acceptor component [13] . The surface free energy was calculated from the Young-Dupré equation in the following form using the contact angle, θ :
The subscript i refers to the test liquid and j to the studied material.
The surface free energy of untreated PE was (39 ± 2) mJ m −2 and that of untreated PP (34 ± 3) mJ m −2 . The contact angles of different test liquids are given in table 1.
The dependence of the surface free energy on the treatment time for both PE and PP polymers is shown in figure 6 and the dependence of the surface free energy on the input power density is shown in figure 7 .
It can be seen from figure 6 that the maximum value of the surface free energy was reached after 7 s of the treatment and further treatment did not lead to changes in the surface free energy and its components. Also increasing the input power density above the value of 1.5 W cm −2 did not lead to an increase in the surface free energy except of the electronacceptor component for the PE sample (see figure 7) . In the case of admixtures of hydrogen or ammonia the same maximum value of surface free energy was reached, but after 21 s.
The ageing of the surface properties was also studied. The samples were stored in dry air and the surface free energy was measured during the time. For these measurements only three liquids were used (water, formamide and diiodomethane). The dependence of the surface free energy and its components on time after treatment is shown in figure 8 .
The surface free energy did not change significantly during the time, and the largest decrease was in the first 12 h after treatment. The maximum decrease in the surface free energy was about 6 mJ m −2 after 50 h, and afterwards the properties of the samples were stable.
XPS
The results of the atomic composition obtained by XPS are summarized in table 2. It reflects the composition of untreated sample can be fitted with two Gaussian peaks. The saturated hydrocarbon signal shows a peak at 285.0 eV. The second peak at 286.2 eV represents the intrinsic low level oxidized carbon centres on the polymer surface, attributed to carbon singly bonded to oxygen [17] . The spectra of the treated sample can be fitted with three Gaussian peaks, representing the bonds C-C and C-H (first peak), C-N (second peak) and C-O-C, C-O-H and C-C-N (third peak). More oxidized carbon species (e.g. carbonyl or ester groups) were not found in the spectra, in contrast to the findings in [1, 2] . Also, the occurrence of the C≡N bond is negligible. The spectra of PE and PP are similar, the only difference being in the height of peaks representing bonds of carbon with nitrogen and oxygen due to different concentrations of elements.
Conclusion
The surface modification of PE and PP in APGDs burning in nitrogen and nitrogen-hydrogen and nitrogen-ammonia mixtures was studied. The admixture of hydrogen or ammonia to nitrogen only slowed up the surface modification. The polymer treatment in APGDs is homogeneous, and the surface roughness of treated samples is smaller in comparison with the surface roughness of samples treated in FDs. The surface free energy of treated PE obtained under optimum conditions was 54 mJ m −2 and the contact angle of water was 40˚. Similar treatment of high density PE in the filamentary atmospheric pressure discharge in air has been described in [2] , where the achievement of a water contact angle of 54˚was reported. The surface free energy of treated PP obtained under optimum conditions was 53 mJ m −2 and the contact angle of water 42˚. Similar treatment of PP in a filamentary atmospheric pressure discharge in air has been described in [1] , where the achievement of a water contact angle of 49˚was reported. Massines et al [9] reported treatment of PP in nitrogen APG; the water contact angle obtained was 35˚and the surface nitrogen content was 25%. These values were achieved after 25 s, and the power input was 0.5 W cm −2 . Skalny et al [18] reported the treatment of PP in ac corona discharges in a nitrogen atmosphere. They obtained the saturated values of the surface free energy after 60 s at a very low power density (2.5 mW cm −2 ); however, the treatment was not homogeneous across the sample.
The ageing of our treated polymers led to only a small decrease in the surface free energy-the maximum decrease was about 10%. From the XPS analysis, the bonds C-H, C-C, C-N, C-O-C and C-O-H were found in the surfaces of the treated samples.
